The Supersymmetric Standard Model is a benchmark theoretical framework for particle physics, yet it suffers from a number of deficiencies, chief among which is the strong CP problem. Solving this with an axion in the context of selected new particles, it is shown in three examples that other problems go away automatically as well, resulting in (−) L and (−) 3B conservation, viable combination of two dark-matter candidates, successful baryogenesis, seesaw neutrino masses, and verifiable experimental consequences at the TeV energy scale.
A benchmark theoretical framework for the study of particle physics is the Supersymmetric Standard Model. It solves the hierarchy problem of scalar masses, yet it suffers from a number of deficiencies. Consider its particle content as shown in Table 1 . Table 1 (1, 2, 1/2) + + Without the imposition of (−) L , the terms LΦ 2 , LLe c , and LQd c would be allowed.
Without the imposition of (−) 3B , the term u c d c d c would be allowed. To prevent rapid proton decay, either (−) L or (−) 3B or both must be imposed. If both are enforced, R parity is conserved and the lightest supersymmetric particle (LSP) is a good dark-matter candidate.
This is called the Minimal Supersymmetric Standard Model (MSSM), and because of its minimal particle content, it also conserves additive lepton number L and additive baryon number B, except for nonperturbative sphaleron effects which violate B + L but conserve B − L. Another shortcoming of the MSSM is the appearance of the allowed µΦ 1 Φ 2 term.
Since µ is unrelated to any symmetry breaking, there is no guarantee that it is of order the supersymmetry breaking scale, which has to be itself close to the electroweak breaking scale, for a successsful phenomenological description of all particle interactions. Further, neutrino masses are absent and the strong CP problem is unresolved as in the (nonsupersymmetric)
Standard Model. In the following, it will be shown in three examples how an axionic extension with selected new particles will do away with all these deficiencies.
The strong CP problem is the appearance of the instanton-induced term [1, 2] 
in the effective Lagrangian of quantum chromodynamics (QCD), where g s is the strong coupling constant, and
is the gluonic field strength. This term is odd under CP and if θ QCD is of order unity, the neutron electric dipole moment would be 10 10 times its present experimental upper limit (0.63 × 10 −25 e cm) [3] . This undesirable situation is most elegantly resolved by invoking a dynamical mechanism [4] to relax the above θ QCD parameter (including all contributions from colored fermions) to zero. However, this requires an anomalous global U(1) P Q symmetry which is broken at the scale f a and results necessarily [5, 6] in a very light pseudoscalar particle called the axion, which has not yet been observed [7] .
To reconcile the nonobservation of an axion in present experiments and the constraint 10 9 GeV < f a < 10 12 GeV from astrophysics and cosmology [8] , three types of "invisible" axions have been discussed. (I) The DFSZ solution [9, 10] introduces a heavy singlet scalar field as the source of the axion but its mixing with the doublet scalar fields (which couple to the usual quarks) is very much suppressed. (II) The KSVZ solution [11, 12] also has a heavy singlet scalar field but it couples only to new heavy colored fermions. (III) The gluino solution [13] identifies the U(1) R of superfield transformations with U(1) P Q so that the axion is a dynamical phase attached to the gluino (which contributes to θ QCD because it is a colored fermion) as well as all other superparticles.
In a supersymmetric extension of the Standard Model, it is also important that the breaking of U(1) P Q at the large scale f a does not break the supersymmetry as well. This may be accomplished using three (or more) singlet superfields in various ways, for the gluino solution [14, 15, 16] , the DFSZ solution [17, 18] , and a combination of the KSVZ and DFSZ solutions [19] . The identification of f a as the seesaw scale of neutrino mass generation may also be achieved [14, 16, 17, 18, 19] .
To allow ν to acquire a mass, the conventional method is to add a neutral singlet fermion N, so that the terms 
for Majorana neutrino mass in the SM, the second utilizing a heavy scalar triplet (ξ
and the third a heavy fermion triplet (Σ + , Σ 0 , Σ − ) per family. These latter options will be used in the three examples to follow, because the singlet N will be considered instead as a fermion odd under (−) 3B [22, 23] . The goal is to find an extension of the SM such that the proper U(1) P Q assignment will result in (−) L and (−) 3B conservation automatically, together with other desirable consequences. 
As a first example, consider the scalar-triplet mechanism of neutrino mass in a supersymmetric context. In Table 2 , the PQ charges of the superfields of this construction and their derived (−) L and (−) 3B values are listed. The complete superpotential is given by
It is easy to see that (−) L and (−) 3B are automatically conserved in this case. In contrast, the particle content of the model proposed in Ref. [18] requires either (−) L or (−) 3B to be imposed in addition to U(1) P Q . Note that the only allowed mass term is m 0 which is thus expected to be large. With W 1 of Eq. (5), it has been shown [17, 18] that it is possible to break U(1) P Q spontaneously at the scale m 0 without breaking the supersymmetry. The soft breaking of supersymmetry will then introduce another (much smaller) scale M SU SY , with the result u 1 = S 1 and u 0 = S 0 are of order m 0 , whereas u 2 = S 2 is of order M SU SY .
This means that the so-called µ problem in the MSSM is solved because µ = f 1 u 2 . Similarly, the exotic h quark has the mass f 2 u 2 and should be observable at the Large Hadron Collider (LHC). As for the masses of N and ξ 1,2 , they are given by 2λ 2 u 1 and λ 3 u 0 respectively, with the axion contained in the dynamical phase of (u 1 S 1 + 2u 0 S 0 )/ u analogy to the usual leptogenesis scenario [24] . The decay of the lightest ξ 1,2 may also generate a lepton asymmetry [25, 26] , but it is not necessary here so that no more than one pair of ξ 1,2 superfields is needed. and its mixing with the four usual neutralinos is very small. The lightest among these five particles is a candidate for the dark matter of the Universe, in addition to the axion. Note the possibility of discovering a "dark-matter" neutralino at the LHC which is actually unstable but decays only into the axino with a very long lifetime. The exotic h quarks are predicted to have masses of order M SU SY in this scenario and amenable to discovery as well. 
Since (−)
2,-1,-2 + + (II) As a second example, consider the fermion-triplet mechanism of neutrino mass in a supersymmetric context. In Table 3 , the PQ charges of the superfields of this construction and their derived (−) L and (−) 3B values are listed. The complete superpotential is given by
It is easy to see that (−) L and (−) 3B are automatically conserved in this case as well. At the TeV energy scale, this model is effectively identical to that of Example 1. Table 4 . The complete superpotential is given by
Note that (L, At the LHC, the axino is not likely to be discovered because it has very small couplings to ordinary matter, but the other two dark-matter candidates may both appear as missing energy, even if neither is the true cosmological dark matter.
Because of the conserved Z 2 = (−) 3B , neutrino masses are generated radiatively [28, 33, 34, 35, 36, 37, 38, 39] as shown in Fig. 1 . The left or right diagram corresponds to choosing
of Eq. (7) respectively. In conclusion, it has been shown how the benchmark theoretical framework of the Supersymmetric Standard Model can be improved. The key is to take care of the strong CP problem using U(1) P Q . Two mass scales emerge, one corresponding to the axion scale f a , the other the soft supersymmetry breaking scale M SU SY . With the appropriate particle content and U(1) P Q assignment, the former is identified with the seesaw scale of neutrino mass 
